A frailty index (FI) based on clinical deficit accumulation (FI-Clinical) quantifies frailty in aging mice. We aimed to develop a laboratory test-based murine FI tool (FI-Lab) and to investigate the effects of age and sex on FI-Lab scores, FI-Clinical scores, and the combination (FI-Combined), as well as to explore links between frailty and inflammation. Studies used older (17 and 23 months) C57BL/6 mice of both sexes. We developed an FI-Lab (blood pressure, blood chemistry, echocardiography) based on deviation from reference values in younger adults (12 months), which showed similar characteristics to a human FI-Lab tool. Interestingly, while FI-Clinical scores were higher in females, the opposite was true for FI-Lab scores and there was no sex difference in FI-Combined scores. All three FI tools revealed a positive correlation between pro-inflammatory cytokine levels and frailty in aging mice that differed between the sexes. Elevated levels of the pro-inflammatory cytokines interleukin (IL)-6, IL-9, and interferon-γ were associated with higher FI scores in aging females, while levels of IL-12p40 rose as FI scores increased in older males. Thus, an FI tool based on common laboratory tests can quantify frailty in mice; the positive correlation between inflammation and frailty scores in naturally aging mice differs between the sexes.
Frailty is considered a measure of unexplained heterogeneity in health status of people of the same chronological age, and as such can be considered a measure of a person's biological age (1) . One way that frailty is commonly assessed in humans is by quantifying the proportion of health-related deficits a person displays using a frailty index (FI) (2, 3) . An FI counts the number of deficits a person has accumulated, and divides this by the number of deficits measured to determine a score between 0 and 1, where the closer the score to 1, the more frail a person is (2, 3) . Increasing FI score is associated with a range of adverse health outcomes including hospitalization, institutionalization, and mortality (4, 5) .
Clinically useful FIs are composed of a range of health-related deficits including symptoms, diseases, activities of daily living, and self-reported health status, that are often collected through clinical interviews/assessments (1, 3, 6) . Recently, our group developed an FI for use in people that was based solely on deficits in standard laboratory blood tests (FI-Lab). We found that high FI-Lab scores predicted mortality risk (6, 7) . Deficits were counted if their values were outside the normal range for that measurement (6) . The development of frailty measures that can be determined from routinely collected data in clinical care is a critically important step that may allow earlier and faster identification of those who are frail.
Another important advance in frailty research has been the development of FIs to identify and quantify frailty in animal models (8) (9) (10) (11) . The first of these (8) was an invasive FI tool that included deficits across a variety of measurements (e.g. measures of hemodynamics, activity levels, blood chemistry, and body composition). Deficits were graded based on a measurements difference from mean reference values in healthy younger mice (8) . Whitehead et al. (9) developed an FI based on noninvasive clinical assessment of mice (referred to as an FI-Clinical) and this tool has been widely used in animal frailty studies (12) (13) (14) (15) (16) (17) (18) (19) (20) . An FI based on abnormalities in standard lab test results, analogous to the FI-Lab used in humans (6),
has not yet been developed in mice. This ability to quantify frailty in animal models with tools developed for use in humans is an important advance. It facilitates the investigation of mechanisms that may contribute to the development of frailty in humans and provides a translational platform to test interventions to improve health span and attenuate frailty.
In humans, there are clear sex differences in frailty, with females having higher frailty than males at almost all ages, despite having lower mortality risk (21) (22) (23) (24) . Proposed explanations for this paradox include differences in health-care seeking and reporting behaviors between sexes, different disease profiles, or perhaps underlying biological differences (23) . Interestingly, women appear to have lower FI-Lab scores than FI-Clinical scores (6) although direct sex differences have not yet been explored. Some studies have explored sex differences in FI-Clinical scores in small numbers of mice, with two finding no clear sex differences (8, 15) and two finding that female mice are more frail than male mice (9, 11) .
Inflammation is proposed as an important pathophysiological mechanism of frailty in humans, and changes in inflammatory cytokines have been associated with increasing frailty in clinical studies (25) (26) (27) (28) . The IL-10 knockout (KO) mouse has been proposed as a mouse model of frailty, and displays characteristics of frailty such as chronic inflammation, sarcopenia, and reduced aerobic endurance (29, 30) . The association of frailty with inflammation in naturally aging rodents however, has not yet been explored.
The aim of this study was thus to develop and characterize an FI-Lab tool in mice, and explore the effect of age and sex on FI-Lab scores alone, FI-Clinical scores alone, and the two combined (FI-Combined). We also aimed to explore the association of each of these FI scores with inflammatory cytokines in naturally aging mice of both sexes.
Methods

Animals
C57BL/6 male and female mice were purchased from Charles River. All were retired breeders and were aged in the Carlton Animal Care Facility, which is a clean conventional multispecies facility which can house ~3000 cages of specific pathogen-free mice and rats. Mice were housed at 21°C with 35% humidity in Individually Ventilated Caging Systems (Allentown, Inc) with regular husbandry duties performed within Animal Transfer Stations or Biological Safety Cabinets. Animals were fed Standard Grain-Based Control Rodent Diet with bacon flavor (#F4059; Bio-Serv, Frenchtown, NJ) and maintained on a 12-h light-dark cycle with ad libitum access to food and water. Most mice were housed in groups of 2-5 per cage; one female and three males were housed separately. All experiments were approved by the Dalhousie University Committee on Laboratory Animals and performed in accordance with guidelines published by the Canadian Council on Animal Care. Assessments were completed in mice at two time points: 17.0 ± 0.1 months of age (n = 37 females, n = 34 males) and 22.5 ± 0.5 months of age (n = 17 females, n = 13 males). Measurements were repeated in mice at both ages, although the sample size is lower at 23 months of age, as a subset of the mice were started in a separate study at 17 months of age. The mean FI scores of the mice that left the study were not significantly different from the scores of the mice that remained (values were 0.19 ± 0.05 for females, and 0.17 ± 0.17 for males, versus 0.20 ± 0.06 for females and 0.17 ± 0.04 for males, for the mice that left versus the mice that remained, respectively; p = .63 for females and p = .93 for males). Reference values for the FI-Lab were determined from measurements in a group of adult mice (~1 year of age).
Mouse Clinical Frailty Index (FI-Clinical) Assessment
Frailty was assessed in mice using the mouse clinical FI (9) referred to in this article as FI-Clinical. This FI is made up of 31 clinically observed, noninvasive, health-related deficits. Most of the deficits are scored as either mild, receiving a score of 0.5; severe, receiving a score of 1; or absent, receiving a score of 0. Weight and temperature are scored based on the number of standard deviations (SDs) the value is from reference values, as previously described (9) .
Parameters Measured to Develop a Laboratory Frailty Index (FI-Lab)
Assessment of blood pressure, basic metabolic status, and echocardiography was conducted to generate data for the individualized FI-Lab scores for each mouse in the study. These measures were also made in a group of 12-month-old male and female mice to generate reference values for adult animals, as described in detail in the next section.
Blood pressure was assessed in mice using the IITC Life Sciences tail-cuff system (Woodland Hills, CA). After 2 days of acclimatization, blood pressure measurements were made on two consecutive days. Mice were allowed 15 min to acclimatize, then 3-5 rounds of five blood pressure measurements were made. A mean of all measurements over the 2 days was used for systolic blood pressure (SBP) and diastolic blood pressure (DBP) for each mouse. Mean arterial pressure (MAP) was calculated as MAP = [(2 × DBP) + SBP]/3 and pulse pressure (PP) was calculated as PP = SBP − DBP for each mouse.
Metabolic status was evaluated from a blood sample collected from the mice. In most experiments, blood samples were collected from anesthetized (3% isoflurane for induction, maintained at 1-2%) mice via the facial vein at ~17 and 23 months of age. In some experiments in 23-month-old mice, mice were anesthetized (sodium pentobarbital; 200 mg/kg) and a blood sample was taken from the heart after it was removed for other studies at the end of the experiment. For each mouse, ~100 μL of whole blood was immediately tested in an iSTAT portable clinical analyzer (Abbott Diagnostics) with a CHEM8+ cartridge, to measure sodium (Na), potassium (K), chloride (Cl), ionized calcium (iCa), total bicarbonate (TCO 2 ), glucose, urea nitrogen (BUN), creatinine (Crea), hematocrit (Hct), hemoglobin (Hb), and anion gap (AnGap).
Echocardiographic analysis was completed for each mouse at 17 and 23 months of age using the Vevo 2100 imaging platform (VisualSonics). Briefly, mice were anesthetized with 3% isoflurane (maintained at 1-2%), and hair removed from their chest. A highresolution linear transducer (18-38 MHz, MS400) was used to make short axis M-mode measurements, and four-chamber apical Doppler measurements. Mouse body temperature was monitored throughout and maintained, via a heated platform and heat lamp, at 35-36°C. Heart rate and respiration rate were monitored via the Vevo 2100 system. Images were analysed using Vevo LAB software, and data for left ventricle posterior wall (LVPW) thickness, intraventricular septum (IVS) thickness, ejection fraction (EF), fractional shortening (FS), stroke volume (SV), and left ventricle mass-corrected obtained from short-axis M-mode measurements in both systole and diastole. Mitral valve Doppler analysis was used to obtain E/A ratios.
Mouse FI-Lab Scoring
The measurements of blood pressure, basic metabolic status, and cardiac structure/function described above were used to create a 23-item FI-Lab. A full list of the individual items used to create the index can be found in Table 1 . Normal reference values for each of these items were based on values measured in younger adult male and female C57BL/6 mice (12.0 ± 0.1 months of age; n = 4-9 per sex), as shown in Table 1 . The reference values were obtained by calculating the mean and SD for each item separately for the 12-monthold male and female mice. Values that were within ± 1.5 SD of the mean were considered "normal" and received a score of 0, indicative of no deficit. Values that were above or below the cutoff (±1.5 SDs) were given a score of 1 and were considered a deficit. The mean values and the SDs obtained in the 12-month-old mice, as well as the high and low cutoff points, are illustrated in Table 1 separately for each sex.
An FI-Lab score was determined for each of the older mice, at ~17 and 23 months of age, by summing the deficits a mouse displayed for each of the measured items, and dividing this by the total number of items measured. This gave an FI-Lab score between 0 and 1 for each mouse, at each time point. An FI-Combined score was also calculated for each mouse at both time points. This score was determined by adding the deficit scores for each mouse across both the FI-Clinical items (n = 31) and the FI-Lab items (n = 23), and dividing by the total number of items (n = 54).
Cytokine Analysis
Blood samples were collected from mice at 17 and 23 months of age, as described previously. Blood samples were stored on ice, then spun at 4°C at 9391 Gs, and serum collected and stored at −20°C. A BioPlex Pro Mouse cytokine assay was used to quantify serum levels of 23 cytokines from both time points. The assays were conducted as per manufacturer's instructions and read using the MagPix (BioRad) Multiplex system. Cytokines measured included interleukin (IL)-6, IL-12p40, interferon gamma (IFN-γ), and IL-9; a complete list can be found in Supplementary Table 1 . Sufficient serum to perform cytokine analysis was not available for all mice, so the final sample size was n = 18 males and n = 12 females. Cytokine analysis was performed on different mice at 17 and 23 months of age, so the data were not repeated measures.
Statistics
Data are expressed as mean ± SEM unless otherwise indicated. Normality tests were completed on all FI data (Supplementary Table 2 ). Two-sided t-tests were used to compare mean values for FI-Lab items between 12-month-old males and females. Scores for each FI (FI-Clinical, FI-Lab, and FI-Combined) were compared across sex and age groups using a two-way analysis of variance (ANOVA), with Bonferroni post hoc analysis. Two-sided t-tests were used to compare mean values for the FI-Clinical and FI-Lab for each age and sex group, and Mann-Whitney U tests were used to compare median values. Proportions of individual deficits observed in each sex, for each age group were compared with Chi-squared analysis. Spearman correlations were used to analyse the association between FI scores and cytokine levels. Data analysis was completed using the statistics program SPSS (Version 21.0, SPSS Inc., Chicago, IL) and SigmaPlot (Version 11.0, Systat Software, Germany). p values less than .05 were considered significant.
Results
Creation of an FI Based on Laboratory Items in Mice
Reference values and cutoff points were determined from 12-month-old male and female mice (Table 1 ). There were significant differences in four reference values between males and females. TCO 2 and heart rate were slightly higher in females than males, whilst glucose and IVSs were higher in males than females.
These reference values were used to calculate FI-Lab scores in older mice (Figures 1 and 2) as discussed below.
FI-Lab, FI-Clinical, and FI-Combined Scores in Older Male and Female Mice
FI-Clinical scores were significantly affected by age, with increasing age associated with higher FI-Clinical scores in both sexes ( Figure 1A ). ANOVA analysis showed that sex also had a significant effect on FI-Clinical scores, and post hoc analysis showed that females had higher scores than males at 17 and 23 months ( Figure 1A ). FI-Lab scores were also calculated and compared in male and female mice at 17 and 23 months ( Figure 1B) . The mean values and SDs for each item of the FI-Lab are illustrated separately for each sex and age group in Supplementary Table 3. A two-way ANOVA showed that FI-Lab scores were significantly different between sexes, with higher scores in males than females at both ages. The overall effect of age on FI-Lab score was also significant ( Figure 1B) . A two-way ANOVA of FI-Combined scores showed a significant effect of age, but not sex, with scores at 23 months higher than at 17 months in both sexes ( Figure 1C ). Together these data suggest that, although FI scores generally increase with age, there are some clear sex differences in FI-Clinical and FI-Lab scores.
To compare the distribution of FI scores for the FI-Lab and FI-Clinical in each age and sex group, frequency distributions were plotted ( Figure 2) . In all groups, mean and median FI-Lab scores were higher than FI-Clinical scores. For both 17-month males and females, the FI-Clinical score distribution was skewed slightly to the left with means of 0.17 ± 0.01 and 0.19 ± 0.01 and medians of 0.16 and 0.19, respectively (Figure 2A Figure 2C and D) . The maximum FI-Clinical score in both females and males was 0.45, and the maximum FI-Lab scores were 0.67 for females and 0.75 for males. These observations support the idea of a submaximal limit to frailty of ~0.7 (1). We also investigated whether the FI-Lab and FI-Clinical scores were correlated. There was no significant correlation between these two measures for any group examined in the study (not shown).
To determine whether the sex differences in FI-Lab, FI-Clinical, and FI-Combined scores were driven primarily by deficits in a single item, or a few items, the proportion of mice with each deficit were plotted for males and females for each age group (Figure 3 ). Mice displayed a range of deficits across all of the items in the FI-Lab and FI-Clinical, and there were a number of sex differences in the proportions with specific deficits at each age ( Figure 3A and B) . For example, at 17 months of age males showed more deficits than females in piloerection, stroke volume, and K, whilst females showed more deficits in Hb, EF, and menace reflex ( Figure 3A ). There are other sex-specific differences in individual deficits at both 17 ( Figure 3A ) and 23 ( Figure 3B ) months of age. This shows that the male-female difference in FI-Lab scores arises from deficits across a wide range of measures, rather than deficits in a specific deficit or group of deficits.
Association of FI Scores With Inflammatory Cytokines
The association between serum levels of cytokines and FI scores was explored in aging male and female mice (Figure 4 ; Supplementary  Figures 1 and 2; Supplementary Table 1 ). FI-Combined scores in older female mice were significantly correlated with increasing levels of the pro-inflammatory cytokines IL-6, IFN-γ, and IL-9 ( Figure 4A-D) . By contrast in older males, higher FI-Combined scores were correlated with increasing levels of the pro-inflammatory cytokine IL-12p40 ( Figure 4E-H) . Additionally, increasing FI-Lab scores were associated with higher IFN-γ and IL-9 levels in females ( Supplementary  Figure 1) , and increasing FI-Clinical scores were associated with higher IL-12p40 levels in males (Supplementary Figure 2) . Other cytokines were not correlated with FI scores (Supplemental Table 1 ). These observations suggest that there are links between frailty and pro-inflammatory cytokines and that these differ in a sex-specific way.
Discussion
This study aimed to develop and characterize an FI-Lab tool for use in mice, examine the effects of sex and age on the FI-Lab, FI-Clinical, and FI-Combined scores and investigate links between frailty and inflammation in male and female mice. Our study showed, for the first time, an association between inflammation and frailty in naturally aging mice. Interestingly, clear sex differences in both frailty, inflammatory cytokines, and their interaction were observed. This study also demonstrated that it was possible to make an FI-Lab analogous to that used in humans (6) , for use in mouse models.
In this study, we made the novel observation that increasing levels of the pro-inflammatory cytokines IL-6, IL-9, and IFN-γ were associated with increasing FI scores in old female mice, whereas increasing levels of IL-12p40 were associated with frailty in old male mice. In terms of the cytokines associated with increasing frailty scores in females, IL-6 is a pro-inflammatory cytokine with a wide range of roles, including stimulating B-cell differentiation and activating macrophages (31) . While IL-9 has not been studied as extensively as other cytokines, it is considered a pro-inflammatory cytokine with a role in stimulating cell proliferation (32) . IFN-γ is considered the effector cytokine of Type 1 helper T (Th1) cells, and has important roles in macrophage activation and the production of other cytokines in particular TNF-α (33). These observations indicate that frailty is associated with an increase in several markers of inflammation in aging female mice. With respect to the cytokines linked to higher FI scores in aging males, IL-12p40 is a subunit of inflammatory cytokines IL-12 and IL-23. IL-12 is an important regulatory cytokine that activates Th1 cells (34) , and IL-23 promotes the production of other pro-inflammatory cytokines including IL-6 (35) . Although the role of IL-12p40 itself is unclear, it is known be an antagonist for the IL-12 receptor and to have macrophage chemoattractant properties (36) . It also can be associated with a Th2-type response, and may have immunosuppressive roles (34) . These data suggest that there is also a link between frailty and inflammation in aging males. Taken together, our results strongly suggest that frailty is associated with inflammation but that this differs importantly between the sexes.
Increased levels of the cytokines IL-6 and IFN-γ have been observed in previous studies of IL-10 KO mice, which are proposed to be a mouse model of frailty (29) . These mice were developed as a model of Crohn's disease, but if maintained in pathogen-free conditions, they display some characteristics related to frailty such as sarcopenia, increased mortality risk, and chronic inflammation (29, 30) . Female IL-10 KO mice have been shown to have increased IL-6 and IFN-γ serum levels, compared to wild-type female mice (29, 30, 37) . IL-6 levels are also higher in male IL-10 KO mice (38) , but IFN-γ levels have not yet been measured in male KO mice. Our study, which was the first to explore the links between frailty and cytokines in naturally aging mice, also saw an increase in IL-6 with frailty, but interestingly, only in females. The present study also was the first to explore the association of cytokines IL-9 and IL-12p40 with frailty in mice of both sexes and our work suggests that increasing levels of these cytokines are also associated with frailty in mice from 17 to 23 months of age. It would be interesting to explore the relationship between markers of inflammation and frailty in an even older cohort of mice to determine if there is a stronger correlation between frailty and cytokines in very old animals. In humans, increasing levels of cytokines IL-6 and IFN-γ have been associated with both aging and frailty across a variety of populations (25) (26) (27) (28) (39) (40) (41) . Although links between IL-9 and IL-12p40 levels and frailty have not yet been explored in humans, their association with aging has been studied. One study in older individuals reported that there was no association between IL-9 and aging (42) , whereas another reported that IL-12p40 increases with age in humans (34) . The mechanism responsible for levels of pro-inflammatory cytokines, particularly IL-6, in frailty may be related to muscle strength and sarcopenia (43, 44) but this is not fully understood. The links between pro-inflammatory cytokines and FI scores reported in the present study provide further validation of the use of FI tools in mice to study frailty, and suggests that there may be similar underlying frailty mechanisms in both mice and humans.
In the current study, we saw that the association between frailty and pro-inflammatory cytokines differs in a sex-specific manner. These results may imply a stronger relationship between frailty and inflammation in females than males. There are clear sex differences in cytokine profiles with aging in humans and mice (40, 45, 46) . In most studies, females had greater levels of IL-6 and IFN-γ than males with aging (31, 40, 47) . It may also be that there are different inflammatory cytokine profiles with frailty in males and females. In humans, the association of frailty and inflammation with sex has not been well explored. While many studies have found links between inflammation and frailty (25) (26) (27) (28) , they rarely consider sex as a factor. Recently, Gordon and Hubbard (48) highlighted the importance of considering sex in studies of inflammatory markers and frailty, and suggested that sex differences in inflammation may contribute to sex differences in frailty. Factors that may contribute to the higher inflammation in women when compared with men include prior pregnancy, higher levels of abdominal adiposity with age, and less effective anti-inflammatory responses (48) . Further investigation of the mechanisms underlying the links between sex, frailty, and inflammation is now warranted.
Along with sex differences in pro-inflammatory cytokines, we also saw clear differences in frailty between male and female mice. Female mice were frailer than males for FI-Clinical scores, but the opposite was seen for FI-Lab scores. One previous mouse study using the mouse FI-Clinical also saw higher scores in females than males (9), although two others saw no change with sex (8, 15) . In human studies, FI scores are almost always higher in females than males (21) (22) (23) (24) . FI-Lab values in males and females have not yet been compared, although one study did show that, for females, FI-Lab scores were lower than FI-Clinical scores (6) . It is interesting, that for the FI-Combined, the index that includes the most items and across the most domains, there is no sex difference at either age. This implies that, although male and female mice may have different presentations of frailty, on average they accumulate deficits at the same rate. It has been well established in the clinical literature that an FI has the most predictive value when it contains many items across a variety of domains (1, 6 ). This appears to be the case in the current study also, where the FI-Combined had better association with inflammatory cytokines, than the FI-Lab or FI-Clinical.
In this study, an FI based solely on deficits in standard laboratory tests, analogous to that used in humans (6), was successfully developed and used in mice. It showed similar properties to both the human FI-Lab, and other FIs used in both humans and mice, with a submaximal limit of ~0.7, a normal distribution, and deficits seen across the full range of items in different mice (6, 16) . Interestingly, FI-Lab scores were always higher than FI-Clinical scores in both sexes. This supports the emerging concept that frailty results from the initial accumulation of subcellular and cellular deficits, which are first apparent in abnormal laboratory test results, and then become manifest as clinical deficits over time (6, (49) (50) (51) . Our results also showed that males were frailer than females when assessed with the FI-Lab (6) . There are some differences between results obtained with the mouse FI-Lab tool and the human FI-Lab. Unlike the results of human studies (6), the FI-Clinical scores were not well correlated with the FI-Lab scores in the mouse model. This suggests that the FI-Clinical tool identifies different mice as frail than the FI-Lab tool used in this study. Refinement of the FI-Lab tool to sample a larger number of laboratory-based deficits over a wider range of physiological systems is now warranted.
There are potential limitations to the results presented here. The sample size for the reference groups used to create FI-Lab values was relatively small and cytokine analysis was not available for all mice in the study. In addition, we used blood samples collected from either the facial vein or the heart; it is possible that these samples might not be identical. We also used retired breeders rather than virgin mice. This could, in theory, influence results although few studies have explored differences between retired breeders and virgin mice. There is an evidence that many behaviors, including open field, tightrope, and passive avoidance learning tests as well as voiding behavior, are similar in retired breeder and virgin mice (52, 53) . Retired breeders did fall from the rotorod and they showed less wheel running when compared with virgin mice (52) , so more work in this area is warranted. We also used a few mice that were singly housed, although most were group housed. This could influence our results, potentially by increasing stress levels in singly housed mice. However, a recent study found that cortisol levels were actually higher in group-housed adult mice compared to singly housed animals (54) , although this has not been seen in all studies (55) . Group housing may also increase cortisol levels in aged mice (55) . Additional work with a larger sample size that investigates the influence of environmental factors such as breeding history and housing conditions on frailty and inflammatory markers in the mouse model would be of interest.
Overall, this study demonstrated a novel association between pro-inflammatory cytokines and frailty in aging C57BL/6 mice. This association was affected by sex, as were FI scores measured with the FI-Clinical and FI-Lab tools. This study represents the first to explore inflammation, frailty, and sex effects in naturally aging mice and to identify clear links between frailty and inflammation in males and females. These observations provide a translational platform to help identify the mechanisms involved in these associations and to develop novel strategies to attenuate frailty, potentially by targeting inflammation.
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